ABSTRACT: Feeding artificial micro diets instead of diatoms may allow a more constant and controlled form of nutrition, and thus results in lower mortality rate and increased growth. A 4-week trial was conducted to determine the growth and survival of postlarval Haliotis discus discus (Reeve.) postlarvae fed three experimental micro particle diets, and naturally occurring diatoms. A completely randomized design was adopted with each diet being replicated three times. All diets varied in terms of particle size and gross composition. Survival rate was significantly lower (P < 0.05) in the diatom diet (19.5 ± 2.1%) when compared with the K-1 diet (38.8 ± 8.9%), the K-2 diet (43.7 ± 5.6%) and the MD-Q diet (44.2 ± 14.8%). The size of postlarvae fed the four diets was not significantly different (P > 0.05). There was also little difference in the daily growth rate. Based on the results of this work for the preliminary implementation of artificial food as a replacement diet for diatoms, it seems that postlarval H. discus discus readily consumes artificial micro particle diets and has a superior survival rate when compared to that of diatoms.
INTRODUCTION
In abalone farms, once metamorphosis has taken place, abalone immediately start to feed directly on benthic diatoms. 1, 2 High mortality after abalone settle is a common problem in abalone production. [3] [4] [5] Most mortality (ª > 90%) occurs during the first 2 months after larval settlement. 6 It is likely that abalone are not receiving adequate nutrition from the diatom plates or that environmental conditions are detrimental to postlarval survival.
The cultures that form on the diatom plates are often very unpredictable. The dietary value of diatoms varies between species, strains and also the developmental stage of the abalone. 2, 5, 7 Postlarvae are selective feeders; 1, [8] [9] [10] therefore, the desirable species of diatoms could become overgrazed and the species that postlarvae are unable or reluctant to consume will become dominant. 11 In some instances, the plates can be overgrazed and thus food becomes in short supply. 12, 13 In contrast, the plate cultures can become overdeveloped and this can adversely affect ecological conditions, leading to high mortality. 3, 5, [14] [15] [16] Some species of diatoms may be too small or too big for the postlarvae to consume. After metamorphosis, the mouth opening of postlarval abalone is only about 10 mm. 1, 5 Diatoms bigger than the mouth cannot be consumed. Postlarvae graze diatoms with the aid of a grinding organ called the radula. The silica shell of some species of diatoms is extremely hard and cannot be ruptured by the radula of young postlarvae. In this case, the postlarvae will excrete the diatom cell out whole, without receiving nutrition from it. 5, 7, 17 Diatoms that are too small will slip between the grooves of the radula and not be consumed. 18 Feeding an artificial micro particle diet to postlarval abalone allows more control over nutritional composition, digestibility, size and amount of the diet. Additionally, developing a micro particle diet for postlarval abalone will allow researchers to study their nutritional requirements. Although no published literature could be found on micro particle diets for postlarval abalone, much research has been published on microdiets for bivalve larvae (Langdon et al., 19 Southgate et al., 20 Knauer and Southgate 21 ). Much research has also been Using micro particle diets to replace diatoms for feeding postlarval abalone Haliotis discus discus (Reeve.) drying) were supplied by Imada Consulting Engineer Office, Yokohama, Japan and originally developed as a feed for scallops and oysters. The diet contained egg yolk, casein, krill meal, squid meal, fish meal, brewer's yeast, wheat flour, squid liver oil, vitamin mix, mineral mix, phospitan C, caoline and carrageenan. The MD-Q diet (prepared by vacuum drying) was developed by K. K. Taiyo Yushi for larval marine fish. The diet contained peptides (C700, C800), fatty acid-calcium (ca) of fish oil, arginine, cystine, taurine, mineral mix, Spirulina sp., soybean lecithin and phospitan C. The ingredients for the micro diets are listed in Table 1 . The K diet was separated into two class sizes, < 53 mm and 53-150 mm, using sieves. The micro particle diets were applied to the hard plastic corrugated plates by a similar method to that used by Ogino and Ohta. 23 Approximately 100 mL of water was added to 8 g micro particle diet and 2 g of sodium alginate. The resulting paste was mixed and then thinly applied to the clean hard plastic corrugated plate (22.5 cm ± 11.5 cm) with a soft brush, and dipped into a solution of 5% calcium chloride. The sodium alginate was thus conducted on artificial diets for juvenile and adult abalone (reviewed by Fleming et al. 22 ). Artificial micro particle diets with a particle size small enough to be consumed by postlarval abalone (< 10 mm) are commercially available.
The present experiment was conducted in order to determine if micro particle diets were superior to diatoms in terms of growth and survival when fed to postlarval abalone Haliotis discus discus.
MATERIALS AND METHODS

Feeding trial
Broodstock abalone, at a ratio of two females to every male, were induced to spawn at Banda Marine Laboratory, Tokyo University of Fisheries, using UV light in December 2000. The resulting postlarvae were reared in a follow-through system with a water flow rate of 600 mL/h at 16°C. Up until the time of experimentation, all postlarvae were fed on diatom biofilm that was encouraged to grow on hard corrugated plastic plates.
The trial consisted of four treatments: K micro particle diet (broken up into two treatments < 53 mm (K-1) and 53-150 mm (K-2)), micro diet Q (MD-Q; < 60 mm) and naturally occurring diatoms, each replicated three times. The tanks used in the trial were 10 L. They were painted black to restrict the growth of unwanted diatoms and supplied with charcoal filtered water at 400 mL/min. Postlarvae were removed from the hard plastic plates by raising the temperature by 5°C and adding benzocaine at 80 p.p.m. Most postlarvae were released within 30 min with the remainder being removed with a soft brush. A total of 114 ± 27 H. discus discus postlarvae with an average size of 853 ± 166 mm were allocated to each 10 L tank. All tanks received 24 h lighting to promote growth in the tanks containing diatoms. The average water temperature for the January 2001 trial was 14.1 ± 0.9°C.
Tanks were scrubbed three times per week with a soft brush to remove any diatoms that were attached to the tanks. Siphoning was conducted every second day to remove uneaten food and dead postlarvae. Before discarding the dead larvae, a count was conducted and the number tallied to calculate percentage survival. Postlarvae were sampled twice weekly by randomly taking 10 postlarvae from each tank and measuring their size using a compound microscope fitted with an ocular eyepiece. Water temperature was measured daily using a standard thermometer.
All diets were supplied in excess and the plates with the micro diets were changed every second day. The K-1 and K-2 diets (prepared by spray converted to insoluble calcium alginate gel. This method proved to be very effective in binding the micro particle diets to the plates and even after 2 days there was little loss of food due to water flow, etc. The plates for the diatom treatment were prepared by placing them in tanks outside, 4 weeks prior to the experiment, and encouraging naturally occurring diatoms to attach. See Table 2 for a list of commonly found diatoms in the Banda area and their relative density. Two hard plastic corrugated plates (containing the desired diet) were placed in each tank.
Approximate analysis and particle size determination of the diets
The approximate analysis of moisture, crude protein, crude lipid, crude starch and crude ash for the three micro particle diets was carried out as outlined in Takeuchi. 24 The particle sizes of the diets were determined by immersing 0.1 g of each diet in 10 mL of clean seawater for 1 h. A sample of each diet was then taken with a pipette and the diameters of 40 particles were randomly measured under a compound microscope fitted with an ocular eyepiece.
Identification of diatoms
Diatoms were scraped directly off the plates and immediately transported to Tokyo University of Fisheries, Shinagawa, Tokyo. The common diatoms within the samples were identified and their density estimated.
Statistical analysis
All statistical analysis was conducted using the statistical computer package systat (SPSS Inc., Chicago, IL USA). Data were transformed where necessary and a one-way anova carried out. Differences in means between treatments were determined using Tukey's test.
RESULTS
The proximate compositions of the three artificial micro particle diets were similar, with the exception of starch and lipid (Table 3 ). The level of starch was over three times higher for the K-1 and K-2 diets when compared with the MD-Q diet. Lipid was only 15.9% in the K-2 diet but was 25.1% for the K-1 diet and 27.8% for the MD-Q diet. Diatoms had a lower level of protein and a higher level of Final percentage survival rate was significantly lower (P < 0.05) in the diatom diet (19.5%) when compared to the three artificial micro particle diets. The highest survival rate for postlarvae was 44.2% in the MD-Q diet.
DISCUSSION
The micro particle diets were superior to diatoms in terms of survival rate. The survival rates observed in the tanks supplied with artificial micro diets were double those observed in the diatom diet. Postlarval abalone feeding on micro particle diets did not grow significantly faster than those feeding on diatoms, but the general health seemed to be superior.
The growth rate for all treatments ranged from 21.5 to 23.0 mm/day. This is close to the expected growth rate of H. discus discus at 14°C (Koike Y, unpubl. data, 2001). Taking the above into account, as well as visual observations made during the trial, ash, when compared to the three artificial micro diets. 25 The particle size for the K-1, K-2 and MD-Q diets was 27 ± 11 mm, 69 ± 22 mm and 44 ± 20 mm, respectively.
The two most common diatoms in the sample, Achnanthes longipes, and Cocconeis sp., accounted for over 50% of the diatoms in the samples (Table  2 ). Other common diatoms included Achnanthes brevipes var. intermedia, Achnanthes javanica f. subconstricta, Achnanthes kuwaitensis, Bacillaria paxillifera, Nitzschia closterium, Nitzschia longissima, Nitzschia martiana, Melosira nummloides and Striatella unipunctata.
There was no significant difference in size of postlarvae for the duration of the trial (Table 4) . The highest growth rate was 23 mm/day in the K-2 diet and the lowest was 21.5 mm/day in the MD-Q diet. Additionally, there was no significant difference (P < 0.05) between replicates within the treatments for growth and survival.
A significantly lower (P < 0.05) percentage survival rate was observed from week 3 to the end of the trial in the diatom diet (Fig. 1 ) when compared to the other three diets. High mortality in all treat- postlarval abalone readily consumed, processed and digested the micro particle diets. The slight difference in the performance of the three micro particle diets could possibly be explained by the different composition. The artificial micro particle diets used in this experiment were developed as an alternative diet for adult oysters and scallops, and based on the proximate composition of free-swimming microalgae. In a review of artificial diets for abalone, Fleming et al. 22 state that artificial diets for juvenile and adult abalone usually contain 30-60% carbohydrate and only 1.5-5.3% lipids. Superior results to those reported in this experiment could be expected if an artificial micro particle diet was developed specifically for postlarval abalone and based on the composition of benthic diatoms such as Nitzschia spp., Amphora spp. and Navicula spp. as well as those of artificial diets fed to juvenile abalone.
The postlarvae reared on diatoms may have experienced high mortality due to the inability to gain appropriate levels of nutrition. Only postlarvae up to 800 mm can obtain sufficient nutrition from consuming the extracellular substances from diatoms, without having to absorb the cellular contents.
2 Postlarvae in this trial were larger than 800 mm and thus needed to absorb the cell contents of the diatom in order to obtain a sufficient level of nutrition. However, the fact that growth was similar in all treatments may suggest that postlarvae were subjected to undesirable bacterial contamination, via the diatom-covered plates.
The high mortalities observed in week 2 were apparent in all treatments. At the end of the trial the highest survival was less than 50%. This highlights the need for more work in the area of abalone postlarval management. A higher survival rate would mean cost-savings for companies and organizations rearing postlarval abalone.
The present trial was conducted in tanks using a flow-through system so that the results could be applied, in part, to industry. However, future trials should be conducted in bigger tanks with a higher stocking density to more closely mimic the situation found in industry. Water-quality measurements would also need to be taken to confirm that artificial diets fixed with sodium alginate do not adversely affect water quality. Additionally, it is doubtful that the current method for supplying the micro particle diet to postlarvae would be economically viable. Future research will be directed towards more effective methods of supplying the diets to postlarvae.
Based on the results presented in the present study, the experimental micro particle diets could potentially be used to replace diatoms as the principal nutrition source for postlarval abalone.
